Monodisperse rhodium (Rh) and platinum (Pt) nanoparticles as small as ~ 1 nm were synthesized within a 4 th generation polyaminoamide (PAMAM) dendrimer, a hyperbranched polymer, in aqueous solution and immobilized by depositing onto a high-surface-area SBA-15 mesoporous support. X-ray photoelectron spectroscopy (XPS) indicated that the as-synthesized Rh and Pt nanoparticles were mostly oxidized. Catalytic activity of the SBA-15 supported Rh and Pt nanoparticles was studied with ethylene hydrogenation at 273 and 293 K in 10 torr of ethylene and 100 torr of H 2 after reduction (76 torr of H 2 mixed with 690 torr of He) at different temperatures. Catalysts were active without removing the dendrimer capping, but reached their highest activity after hydrogen reduction at a 2 moderate temperature (423 K). When treated at a higher temperature (473, 573, and 673 K) in hydrogen, catalytic activity decreased. Using the same treatment that led to maximum ethylene hydrogenation activity, catalytic activity was also evaluated for pyrrole hydrogenation.
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Metal nanoparticles less than 10 nm that were monodisperse and with controlled size and shape have been synthesized by colloid techniques in recent years and also characterized with a combination of techniques.
1-3 However, the synthesis of nanoparticles that are close to or smaller than 1 nm (tens of atoms) has only been attempted in a few laboratories. [4] [5] [6] [7] [8] [9] For these particles, more than 90 % of atoms are located on the surface 10 and the atomic coordination number of ~ 1 nm particles is smaller than that in larger nanoparticles (12 for an f.c.c. lattice) which has a substantial fraction of the atoms in the bulk. At sizes smaller than ~ 1 nm, nanoparticles have shorter metal-metal bonds, 11,12 lower melting points, 13, 14 and are easier to be oxidized than larger particles. 15, 16 All of these remarkable properties for ~ 1 nm particles could lead to their distinctly different performance in catalytic reactions. For example, Xu et al. 17 found that the turnover frequency (TOF) of a 20-atom iridium particle was 10 times higher for toluene hydrogenation than that of a 4-atom iridium cluster. Lang et al. 8 studied the CO oxidation reaction activity of SiO 2 supported dendrimer-encapsulated Pt 50 and Pt 100 nanoparticles and compared with the activity of a Pt/SiO 2 catalyst prepared using incipient wetness impregnation that yielded a wide particle size distribution. They found that the TOFs of Pt 50 /SiO 2 were 2−3 times greater than that of Pt 100 /SiO 2 and the incipient wetness impregnated Pt/SiO 2 catalyst. Therefore, it appears that monodisperse ~ 1 nm particles could yield unique catalytic properties.
3
A dendrimer templating strategy is very attractive for synthesis of ~ 1 nm nanoparticles.
18
Polyamidoamine (PAMAM) and poly(propylene imine) (PPI) are the most employed dendrimers for synthesis of metal nanoparticles. Size control of metal nanoparticles synthesized within dendrimers is realized by their well-defined functional groups and structure. 6, 9, [18] [19] [20] For PAMAM dendrimers, the number of internal tertiary amine functional groups, which act as ligands to complex with metal ions, is determined by the dendrimer generation. The dendrimer provided a template for the metal ions that are deposited in the polymer ( Step 1 in Scheme 1). The quasispherical hyperbranched structure of the dendrimer (generation 4 and above) supplied not only internal cavities for nanoparticle growth upon reduction, but also a shell to prevent aggregation of the as-grown nanoparticles. By changing the metal ion to dendrimer concentration ratio (below maximum ion loading), nanoparticles of ~ 1 nm in diameter can be synthesized with narrow size distribution. Metal nanoparticles, such as Cu, Pd, and Pt, have been synthesized within the cavities of PAMAM and PPI dendrimers. 4, 6, 18 Bimetallic nanoparticles, such as PtPd, PdAu, PtAu, and PtCu have also been synthesized. min and tightly sealed with a septum. The complexing process between metal ions and the internal amine groups of the dendrimer was monitored by an UV-Vis spectrometer (Agilent 8453 UV-Vis ChemStation). As show in Figure 1 , absorption bands at 200, 226, and 300 nm decreased dramatically within the first 2 h of complexation, which could arise from ligand exchange reactions between chloride, water, and the internal amines within G4OH dendrimer. 34, 35 After 2 h, absorption bands decreased slowly. Since the absorption spectrum only changed slightly after an 18 h exchange under static conditions for the RhCl 3 /G4OH solution (66 h for K 2 PtCl 4 /G4OH solution), we choose 18 h as the complexation time for the RhCl 3 /G4OH solution. After 18 h, 20 fold of freshly prepared 0.5 M NaBH 4 was injected into the vial drop wise during vigorous stirring. The NaBH 4 solution was kept at 0 °C before injection. The reaction solution was stirred for an additional 3 h (8 h for platinum). As shown in Figure 1 , the absorption of the solution above 300 nm increased after the reduction, which indicated the formation of metal nanoparticles. 26, 36 The reaction solution (10 mL) was purified by dialysis against 2 L of DI water in cellulose dialysis sacks with a molecular weight cutoff of 12 000 X-ray photoelectron spectroscopy (XPS) study. XPS was used to characterize the dendrimer encapsulated Rh and Pt nanoparticles after deposition of the as-synthesized nanoparticle solution onto a silicon wafer. XPS experiments were performed on a Perkin-Elmer PHI 5300 XPS spectrometer with a position-sensitive detector and a hemispherical energy analyzer in an ion-pumped chamber (evacuated to 2 × 10 -9 Torr). The Al K α (BE = 1486.6 eV) X-ray source of the XPS spectrometer was operated at 300 W with 15 kV acceleration voltage. Figure 3a shows the XPS spectrum of dendrimer encapsulated To clarify these discrepancies, we also examined the dendrimer encapsulated Pt 20 and Pt 40 nanoparticles using XPS.
As shown in Figure 3b , the main Pt 4f 7/2 peak for the dendrimer encapsulated Pt 20 nanoparticle was located at 73.5 eV, which is close to the observation by Ozturk et al. 39 on a thin layer of Pt 40 nanoparticles. We think that the observed higher Pt 4f 7/2 binding energy (73.5 eV) of Pt 20 nanoparticles (BE = 71.2 eV for metallic Pt) was due to unreduced Pt 2+ . The major Pt 4f 7/2 peak also has a small shoulder at 71.2 eV, which was attributed to metallic Pt. From deconvolution of the Pt 4f 7/2 peak, only ~ 7 % of total Pt was metallic, which agreed with a previous EXAFS study that
showed Pt remained oxidized after NaBH 4 exposure.7 dendrimer encapsulated Pt 40 nanoparticles (data not show here). After separation, the bottom slurry, the SBA-15 supported nanoparticle catalyst, was dried under 8 ambient conditions for 2 days and then at 100 °C for 4 h. The dried catalyst was then finely ground.
Immobilization of Dendrimer Encapsulated Rh and Pt Nanoparticles onto Mesoporous
The successful loading of the dendrimer encapsulated nanoparticles onto mesoporous SBA-15 silica was confirmed by TEM and elemental analysis. The actual loadings of Rh and Pt onto SBA-15 were measured to be 0.3 and 0.6 wt.% by inductively coupled plasma (ICP) spectrometry, respectively.
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Also, as shown in Figure 4 , the nanoparticles were well distributed over the 3D mesoporous silica support and appeared slightly larger than unsupported ones (as shown in Figure 2 ). However, it is very difficult to accurately measure the size of small nanoparticles on 3D supports. TEM images taken from nanoparticles loaded onto 3D supports often suffer from low contrast due to the decrease of the supporting material's electron transparency and this behavior is magnified as particle size decreases.
Nanoparticles on 3D supports are also in different focal planes during TEM imaging.
8
Ethylene and pyrrole hydrogenation reactions. Ethylene and pyrrole hydrogenation reactions were performed on the 3D mesoporous silica supported Pt and Rh catalysts at atmospheric pressure in laboratory scale flow reactors. Samples were diluted with low surface area quartz and loaded into quartz reactors. Temperature was controlled by a PID controller (Watlow 96) and a type-K thermocouple. Gas flows (all from Praxair and UHP) were regulated using calibrated mass flow controllers. Before the reaction, samples were reduced in 50 mL min -1 of 76 torr of H 2 with a He balance for 1 h at a desired temperature. For ethylene hydrogenation, the gases were 10 torr of ethylene, 100 torr of H 2 with a balance of He. For pyrrole hydrogenation, the feed was 4 torr of pyrrole (Sigma-Aldrich, >98%) and 400 torr of H 2 with a balance of He. The desired partial pressure of pyrrole was achieved by bubbling He through pyrrole and assuming saturation. 45 For both reactions, gas composition was analyzed with flame ionization (FID) and thermal conductivity (TCD) detectors on a HP 5890 Series II gas chromatograph (GC). No conversion was observed for either reaction when unloaded SBA-15 was tested under the same conditions. Turnover frequencies were determined by normalizing the conversion (always less than 20%) to metal surface atoms assuming 100% dispersion.
We nanoparticle occurred. However, other reasons for the deactivation, such as coke formation from dendrimer decomposition, cannot be excluded.
In Catalytic activity over these dendrimer encapsulated nanoparticles was also exhibited by performing pyrrole hydrogenation (Figure 7 ). Both Rh catalysts displayed similar activities and 100% selectivity to pyrrolidine. Moreover, Rh catalysts displayed higher activity than the Pt catalysts.
However, over the Pt catalysts, the reaction was able to proceed beyond just the first step as nbutylamine became a prominent product (Rh catalysts produced only pyrrolidine at these temperatures, data not shown). Butane was also observed as a minor product over Pt (not shown). These results were in agreement with single crystal kinetic data, which showed TOFs of ~ 0.05 s -1 between 298 and 413 K over both Pt(111) and Rh(111) surfaces and more C-N bond scission over the Pt(111) surface than the Rh(111) surface. 47 As supported by several pieces of evidence, these results are caused by nbutylamine poisoning of the catalyst surfaces. First, sum-frequency generation spectra over Pt (111) and Rh(111) surfaces demonstrated no N-H bands at 363 K, which suggested strong Pt-N (no H binding to N) interactions. 47 Secondly, butane formation was reported to occur more rapidly over Pt supported catalysts when pyrrolidine was used as the reactant rather than n-butylamine. 48 40 showed that the nanoparticles increased from ~ 1 nm to above 4 nm after a treatment at 673 K. Even when the dendrimer encapsulated Au or Pd nanoparticles were embedded within a titania support, Scott et al. 51 found that the nanoparticle size increased from 2 to 2.7 nm after calcination at 773 K. The diameter of the nanoparticles further increased to 4.4 nm when the calcination temperature was 823 K. Similar behavior was also observed for titania-supported PdAu bimetallic nanoparticles.
24
To study catalysis over ~ 1 nm particles, their aggregation induced by high temperature treatments should be avoided. We used an ordered mesoporous silica support, which might reduce the dendrimer collapse on the nanoparticle surface before any thermal pretreatment and keep a larger potion of the nanoparticle surface available for catalysis compared to amorphous silica and γ-Al 2 O 3 supported nanoparticles. 8, 9, 46 The mesoporous SBA-15 used in this study has closely packed parallel channels with a diameter of 7 nm, which is just slightly larger than the diameter of a generation 4 PAMAM dendrimer. When the dendrimer encapsulated nanoparticles are loaded into the channels of SBA-15, the internal surface of the channel could provide a 3D support for the dendrimer framework by strong electrostatic interactions and hydrogen bonding between the terminal hydroxyl groups of G4OH dendrimers and the internal surfaces of SBA-15. These could render the surface of dendrimer encapsulated metal nanoparticles accessible to reactants during catalytic reactions.
Conclusion.
Synthesis of ~ 1 nm monodisperse Pt and Rh nanoparticles was demonstrated using a dendrimer templating approach. XPS indicated that the as-synthesized Rh and Pt nanoparticles were mostly oxidized. Dendrimer encapsulated nanoparticles were immobilized onto a high-surface-area SBA-15 mesoporous support by electrostatic and hydrogen bonding interactions between dendrimers and the silica support. Catalysts were active for ethylene hydrogenation without any pretreatment, which could be due to the 3D support provided by SBA-15. The 3D support may prevent dendrimer collapsing on the nanoparticle surface and blocking their active sites. After a mild reduction (423 K) in 76 torr of H 2 with He balance, catalytic activity was maximized for ethylene hydrogenation due to reduction of the oxidized Rh and Pt in the as-synthesized nanoparticles. Existence of catalytic activity and preservation of the small particle size after low temperature treatments represents a significant advance for further reaction studies over these small nanoparticles. 
